Abstract: This study aimed to compare the clinical effects of continuous renal replacement therapy (CRRT) and routine therapy in heatshock (HS) patients.
INTRODUCTION
H eatshock (HS) is a clinical syndrome caused by central thermoregulatory dysfunction. Patients with severe HS may develop extensive tissue injury, neurological dysfunction, rhabdomyolysis, disseminated intravascular coagulation (DIC), and multiple organ dysfunction (MODS).
1,2 Nonexertional HS is caused by long-term exposure to high environmental temperature. Exertional HS is caused by strenuous exercise under conditions of high environmental temperature and humidity. HS is a critical illness with rapid progression and high mortality. Mortality can be as high as 62.6% in heatstroke not induced by exercise, even in the presence of appropriate and timely therapy. 3 Cooling by immersion in ice water has been shown to be the most rapid method of reducing core temperature, 4 and current therapy for HS is rapid cooling combined with supportive therapy for organ dysfunction. However, one of the most important mediators of heatshock toxicity is the systemic inflammatory response that occurs. 1 A therapy that removes inflammatory mediators and other heat-shock invoked toxic substances should improve recovery from this condition.
Continuous renal replacement therapy (CRRT) can reduce the inflammatory response, clear toxic metabolites, rectify water, electrolyte, and acid/base imbalance, and maintain homeostasis. 5 Although studied extensively for the treatment of sepsis, 6, 7 its potential usefulness in HS therapy has not been thoroughly investigated. In the current study, we retrospectively reviewed clinical information of 33 patients with severe exertional HS, and compared the effect of CRRT (using continuous veno-venous hemofiltration) combined with routine treatment to the effect of routine treatment alone on the following potential indicators of recovery: temperature reduction, survival, blood gas analysis, routine blood tests including blood electrolytes, enzymes and indicators of kidney function, and APACHE II score on admission and 3, 5, and 7 days after admission.
METHODS

Patients
Records of 33 patients with severe HS treated in our hospital from February 1998 to October 2013 and their clinical information were reviewed. This retrospective study was approved by Fuzhou General Hospital of Nanjing Military Command, PLA. Patient records/information was anonymized and deidentified before analysis. Written informed consent was given by participants for their clinical records to be used in this study.
On the basis of whether or not CRRT was added to conventional HS treatment, patients were divided into CRRT (15 patients) and control (18 patients) groups. All patients were diagnosed with severe HS 8 and had hyperthermia (body temperature: 39.6-42.0 8C), disturbance of consciousness, dizziness, low blood pressure, abnormal liver function, acute kidney injury, and rhabdomyolysis. Diagnostic criteria 9 for MODS were met in all patients. To be assigned to the CRRT group, both patient and family member agreed to CRRT therapy, were able to meet the cost of this therapy, and had a physician who agreed to provide this therapy. The control group were patients who, like the CRRT group, met the conditions of HS accompanied by MODS but had only routine treatment. CRRT therapy was not introduced until 2004, so the earliest CRRT patient was from 2004, while the earliest control patient was from 1998.
The following data were abstracted from the patient records: body temperature, blood gas information, routine blood test results, blood electrolytes, enzymes, kidney function, APACHE II score, recovery of organ function, and mortality.
Treatments
Routine Therapy
All patients were given antibiotics. According to the patient's clinical condition, physical cooling, sedation, liquid supplementation, anti-inflammatory treatment, anti-shock measures, liver protection, rectification of water and electrolyte imbalance, and support therapy were performed. Physical cooling was done with an ice water bath and/or an alcohol sponge bath. Supportive therapy was done with mechanical ventilation, an ice cap for brain cooling, neurotrophic agents, and measures to reduce intracranial pressure. Platelets were infused when platelet levels were <5 Â 10 9 , with a bleeding tendency.
CRRT Therapy
Routine therapy was performed in all CRRT patients. CRRT was added to this therapy 3 to 25 hours after admission. Femoral vein or subclavian vein catheterization was performed for blood access. Blood flow rate was 180-200 mL/min, and replacement fluid rate was 2500-4000 mL/hour.
Fresh replacement fluid was prepared before each procedure. The volume of replacement fluid used was not constant in all patients but was adjusted according to individual patient requirements. The predilution method was used to prepare the fluid so that the anti-coagulation dosage requirement was lower, and coagulation was less likely to occur in the filtration equipment, and at the same time increasing safety. The electrolyte concentration ranges used were the following: Na 
Comparison of Outcome Data
Comparisons between CRRT and conventional treatment were made for time course of body temperature reduction, mortality, blood gas analysis, routine blood tests, and blood electrolytes, enzymes and kidney function, and APACHE II score on admission and 3, 5, and 7 days after admission. In determining the APACHE II score, the worst value was collected for each item. An item not filled in was scored 0, and the presence of 2 items not filled in was defined as incomplete data. Patients with incomplete data were not scored.
Recovery and improvement of organ function were also compared between groups. Recovery was defined as absence of clinical symptoms and return to normal serological parameters. Improvement was defined as the improvement of clinical symptoms, but serological parameters not returning to normal. For central nervous dysfunction, improvement was defined as improved clinical manifestations and Glasgow score >12, and recovery as absence of clinical manifestations and Glasgow score of 15. For cardiovascular dysfunction, improvement was defined as improved clinical manifestations and pressureadjusted heart rate (PAR) < 20 (PAR ¼ HR Â CVP/MAP), and recovery as absence of clinical manifestations and PAR <10. For respiratory dysfunction, improvement was defined as improved clinical manifestations and PaO 2 /FiO 2 >225 mm Hg, and recovery as absence of clinical manifestations and O 2 /FiO 2 >300 mm Hg. For liver dysfunction, improvement was defined as improved clinical manifestations and bilirubin <7 mg/dL, and recovery as absence of clinical manifestations and bilirubin <1.2 mg/dL. For kidney dysfunction, improvement was defined as improved clinical manifestations and creatinine <4 mg/dL, and recovery as absence of clinical manifestations and creatinine <1.1 mg/dL. For coagulation dysfunction, improvement was defined as improved clinical manifestations and platelet count >80 Â 10 9 /L, and recovery as absence of clinical manifestations and platelet count >120 Â 10 9 /L. For gastrointestinal dysfunction (abnormal or absent bowel sounds, retention of food in the stomach or a positive occult blood feces test with dark stools or haematermesis, abdominal distension), improvement was defined as alleviation, and recovery as disappearance of the above manifestations.
Statistical Analysis
Continuous data are presented as mean AE standard deviation (SD), and categorical data as numbers and percentages. Comparisons for baseline characteristics between control and CRRT treatment were performed by independent t-test for continuous data, and x 2 or Fisher exact test for categorical data. Due to the repeated measurements of clinical parameters across time, a linear model with generalized estimating equations (GEE) was applied to investigate the effect of CRRT treatment (denoted as Group), time after admission (denoted as Time), and their interaction (denoted as Group Â Time). When main effects or interactions showed significance, further post-hoc multiple comparisons were conducted by Bonferroni correction to adjust over-all type I error rates. Regarding survival-to-discharge, the survival curves were constructed by the Kaplan-Meier method with a log-rank test to detect the difference between control and CRRT treatment. The 30-day mortality was estimated by the Kaplan-Meier method with 95% confidence interval. Statistical analyses were performed with SAS software version 9.2 (SAS Institute Inc, Cary, NC). A two-tailed P < 0.05 indicated statistical significance.
RESULTS
Baseline Characteristics of HS Patients with Control and CRRT Treatment
Thirty-three patients were included in this study; baseline characteristics are summarized in Table 1 . The average duration from HS to admission for the control and CRRT groups was 12.9 AE 3.6 and 12.5 AE 3.5 hours, respectively (P ¼ 0.703). CRRT therapy was given to patients at an average time of 7.9 hours after admission and 20.4 hours after HS. Two in the CRRT group and 1 in the control group had hypertension with regular medication. The baseline distribution for age, sex, BMI, body temperature, HR, RR, SBP, DBP, and MAP did not differ between the 2 groups (all P > 0.05).
At admission, 3 patients in the CRRT group required mechanical ventilation, and the durations were 89, 98, and 168 hours, respectively. The patients requiring 168 hours was not successfully weaned from ventilation. At admission, 4 patients in the control group required mechanical ventilation, and the durations were 168, 216, 240, and 312 hours, respectively. None of these 4 patients were successfully weaned, and all subsequently died. In addition, 7 patients in the control group were intubated and mechanically ventilated before death, the duration ranged from 19-78 hours.
Both groups received volume expansion, and vasopressor medications (eg, dopamine, dobutamine, etc.) in the early hours of HS, but no detailed records were kept of these interventions. However, we observed a trend that for the CRRT group, that after CRRT, the requirement for vasopressors was gradually reduced or terminated, but for the control group, the dosage of vasopressors required was greater and the medication duration was longer.
Body Temperature During the 72 hours After Admission
Body temperature decreased during the 72 hours after admission in both control and CRRT treatment groups ( Figure 1 ). The decrease in body temperature was significantly greater (P ¼ 0.049), and the time taken for body temperature to return to normal (37 8C) was significantly shorter in the CRRT group than the control group (11.9 AE 6.8 vs. 29.2 AE 11.3 hours; P < 0.001).
Organ Dysfunction
Better improvement and recovery from organ dysfunction was seen in the CRRT than in the conventional treatment group ( Table 2 ). The proportion of patients with 4 or more organ dysfunctions at admission was not significantly different in the 2 groups. But after treatment, the patients who underwent CRRT therapy had better recovery of heart (P ¼ 0.005), liver (P ¼ 0.029), blood (P ¼ 0.003), and gastrointestinal system (P ¼ 0.048) function than those with conventional therapy.
WBC, Neutrophils, and Platelets
After treatment, the CRRT group had decreased WBC and neutrophils, and elevated platelets compared with the control group (Figure 2) . At the end of the study (Day 7), the WBC (8.1 AE 0.2 vs. 12.1 AE 4.8 Â 10 9 ; P ¼ 0.049) and neutrophils (64.1 AE 14.5 vs. 75.9 AE 10.9%; P ¼ 0.039) were significantly lower, and platelets were significantly higher (172.8 AE 72.7 vs. 90.8 AE 59.1 Â 10 12 ; P ¼ 0.002) in CRRT than in control patients.
Electrolytes
Although there was no significant difference between groups in electrolyte concentrations on Day 5; on this day, 1 patient developed hyponatremia and 3 patients had hypernatremia in the control group. No hypo-or hypernatremia was seen in the CRRT group on Day 5. Also, although electrolyte imbalance was observed in several patients in the CRRT group, the incidence and severity of electrolyte imbalance in the CRRT group was lower than in the control group (Supplemental Table  1 , http://links.lww.com/MD/A343).
On Day 7 (Table 3) , the CRRT group had significantly higher Ca þþ concentrations than those in the control group (2.3 AE 0.1 vs. 2.1 AE 0.3 mmol/L; P ¼ 0.049). Na þ , K þ , and Cl À concentrations in the 2 groups were similar at all time points.
Blood Gas Analysis
After treatment, patients in the CRRT group had less acidosis than the control group, that is, increased pH and HCO 3, decreased PaCO 2, and a smaller anion gap (Table 3) . On Day 7, the PaCO 2 (39.2 AE 7.6 vs. 47.4 AE 7.6 mm Hg; P ¼ 0.012) and anion gap (3.0 AE 4.1 vs. 20.1 AE 6.5 mmol/L; P ¼ 0.004) were significantly lower, and pH (7.4 AE 0.1 vs. 7.2 AE 0.1; P ¼ 0.015) and HCO 3 (20.8 AE 4.2 vs. 14.7 AE 6.0 mmol/L; P ¼ 0.009) were significantly higher in the CRRT than in the control group. 
Serum Enzymes and Other Biomarkers
After treatment, levels of serum biomarkers for liver and kidney dysfunction were significantly reduced in CRRT, compared with conventionally treated patients ( 
APACHE II Scores and Mortality
On day 7, the CRRT group had significantly lower APACHE II scores than those with conventional therapy (10.9 AE 6.3 vs. 18.2 AE 8.8; P ¼ 0.045, Figure 3) .
Two patients in the CRRT group and 11 patients in the control group died before discharge. Those 2 patients in CRRT and the 8 patients in control group died within 30 days before discharge in addition. The 30-day mortality was 15.2% (95% CI: 4.0-48.8%) and 45.5% (95% CI: 25.8-70.8%) for CRRT and control groups, respectively. There was no significant difference between CRRT and control groups in the 30-days survival before discharge (P > 0.05; results not shown). However, there were 3 patients died 30 days after discharge in CRRT group. Kaplan-Meier survival curves indicated that patients with CRRT therapy had better hospital-discharge for overall compared with those with conventional therapy ( Figure 4 ) (P ¼ 0.029).
Adverse Events
One of the 13 patients who received CRRT within 24 hours developed cardiac arrest but recovered after resuscitation. This patient, a female aged 16, experienced severe HS during a mountain hike. She was admitted to another hospital, where cardiac arrest and resuscitation occurred. After resuscitation (9-hour postinitial HS), the patient was transferred to our hospital where, at initial hospitalization, she was unconscious, had a body temperature of 408, multiple organ dysfunction, and DIC. Four hours after admission to our hospital (13 hours postinitial HS), CRRT treatment was started. Seven hours after CRRT initiation, her body temperature was lowered to 378. The total CRRT treatment was 16 hours. The patient survived with recovery of all organs, but with adverse neuro-sequellae (compromised IQ, and some physical dysfunction). However, after physiotherapy, the patient was able to perform basic daily routines by herself.
The 2 patients who received CRRT more than 24 hours (39.5 and 46 hours) after HS both died. Unlike the other CRRT patients, their temperature was already close to normal when CRRT was initiated, but because multiple organ function was already present, CRRT was performed. Of these patients, 1 patient, aged 64 years, had a history of hypertension, diabetes, coronary heart disease, and cerebral infarction. Both had developed MODS due to long-term (>24 hours) exposure to high environmental temperature. Although blood gas and electrolytes returned to normal after CRRT, HS progressed continuously, serum enzymes and bilirubin continuously increased, platelet and fibrinogen levels progressively decreased, and coagulation dysfunction gradually increased. These 2 patients died of respiratory failure, liver failure, and DIC at 54 hours and 6 days after CRRT. In the CRRT group, 5 patients developed concomitant DIC, and of the 3 in whom early CRRT was done, all survived after therapy. In the routine therapy group, 4 patients with DIC died and another patient died of respiratory and circulatory failure.
DISCUSSION
Patients treated with CRRT in the current study had a significantly higher survival-to-discharge rate than patients who received conventional treatment only. This higher survival was accompanied by a faster return to normal of body temperature, a greater correction of acidosis, decrease in WBCs and neutrophils, and increase in platelets, and lower APACHE II scores than were achieved by conventional treatment alone. They also had decreased serum levels of biomarkers for liver and kidney dysfunction, and more extensive improvement of and recovery from organ dysfunction.
Rapid cooling and organ support have been effective strategies for the therapy of HS, but mortality is high. In 1 study, HS mortality within 28 days after a heat wave was as high as 58%. 10 Another study reported that reducing body temperature to 38.9 8C within 1 hours after HS may significantly reduce mortality. 11 In CRRT, the temperature, amount, and rate of replacement fluid can be adjusted in a way that helps to reduce core temperature. In the present study, body temperature returned to normal in a significantly shorter time in the CRRT group. This was probably due to the fact that the replacement fluid was given at room temperature, rather than body temperature.
In the present study, all HS patients were diagnosed with MODS: nervous system disorders in 22 patients, acute respiratory distress syndrome in 7, acute liver failure in 6, acute kidney injury in 18, DIC in 9, and rhabdomyolysis in 22. Routine therapy for HS with MODS is often done via symptomatic treatment and organ support. Supplementation with albumin and use of diuretic agents are treatments for reducing intracranial pressure. Expansion of the blood volume to increase Ãcompared to control group, P < 0.05.
Ã Data were represented as mean AE SD.
urine volume and attenuate myoglobin-induced damage to the renal tubules is a treatment for rhabdomyolysis. Liquid supplementation is required to treat loss of body fluid and disturbances of water and electrolytes and acid/base imbalance. However, liquid supplementation may cause further aggravation of edema, and heavy liquid supplementation is not recommended for patients with concomitant heart failure and/or lung edema. Thus, there are conflicts in the conventional therapy of HS combined with MODS.
CRRT plays an irreplaceable role in the treatment of critical illness, 1 and can clear inflammatory mediators and metabolic products, rectify water and electrolyte disturbances, and improve acid/base balance. In addition, in the presence of heavy liquid supplementation, accurate ultrafiltration is helpful to attenuate organ edema and heart overload. In 2 studies, one in which severe heatshock was induced in dogs 12 and another in which 16 HS patients were treated with CRRT, 13 improved hemodynamics and serum enzyme concentrations were reported and no deaths occurred. In the present study, no significant differences in the Cr, BUN, ALT, AST, and CK were seen on admission, but before discharge, these HS-related parameters were significantly reduced in the CRRT compared with the control group. These data suggest that CRRT will clear serum enzymes and metabolic products, block the cascade of inflammatory mediators, and attenuate metabolite-induced damage to the renal tubules. In our study mortality was significantly lower in the CRRT group (P < 0.05). Thus, we should consider early CRRT therapy for HS patients because HS has high mortality once it enters the late stage (ie, with DIC).
This study has a number of limitations. Its power was limited because of the small number of patients. MODS or Sequential Organ Failure Analysis scores were not available. The study was monocentric and retrospective. The inclusion period spanned a long time period and changes in treatment during this period might have biased the results. However, no significant changes in routine clinical treatment of HS treatment occurred at our institution during the years of the study, and the patient demographics are similar in the 2 study groups, so we feel that bias introduced by the long inclusion period was unlikely to be present. We do not have 90-day mortality because the patients we included in this study were enrolled across 15 years, and we were not able to follow up the earlier patients. Because we collected data from clinical records, we did not obtain samples to analyze cytokines or chemokines, Inflammatory markers such as CRP were available in some records, but not all, therefore due to the incomplete data, statistics were not performed. Lactate levels were also only measured for some patients, so we could not use lactate levels for analysis.
Combination of routine and CRRT therapy has an advantage over routine therapy alone for HS treatment. It can more effectively reduce body temperature, inhibit the inflammatory cascade, decrease serum concentrations of toxic metabolites, more quickly rectify disturbances of water and electrolytes, lessen acid/base imbalance and maintain homeostasis, actions that are helpful in improving HS-related abnormalities and reducing HS-related mortality.
